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Abstract. Cored plutonium-1 weight percent gallium alloys cooled at different rates through the two-phase delta plus epsilon field were examined with the aid of an electron microanalyzer. Gallium concentration profdes were determined across the cored grains and correlated well with predicted profiles, using a new theoretical coring model. Small differences between predicted and measured gallium concentrations at the grain centers were accounted for by a supercooling effect.
INTRODUCTION
c considerable amount of gallium (Ga) coring occurs during casting of delta stabilized plutonium-1 weight percent gallium (Pu-1 wt % Ga) alloy. The delta-phase grains have Ga concentrations as high as 1.7 wt % at their centers (for ' a nominal Pu-1 wt % Ga alloy), and are nearly depleted in Ga at their grain boundaries (I).' Findings show that the coring observed across the individual delta-phase grains results from the epsilon-to-delta phase transformation (1, 2) . Coring during the transformation results from the anomalously high diffusivity of Pu and Ga in the epsilon phase (3).
The low Ga delta-phase areas, noted previously; near the grain boundaries are metastable and can transform to alpha phase during cold working (2), metallographic mechanical polishing (4), or cold storage (5). Delta-phase homogenization treatments are required to eliminate these metastable areas. Usually, homogenization parameters of time and temperature are determined empirically. It is desirable however to be able to predict homogenization times based on a knowledge of the Ga concentration profile across individual grains, grain size, and the diffusivities of the elements present.
A standard homogenization model used heretofore (6) assumes a sinusoidal composition gradient which gives a poor approximation of the actual Ga distribution. The coring profile across individual grains can be predicted using the partition function (7). However, the method is tedious and limited. A new theoretical model has been developed (8) to better predict the Ga concentration profile. The objective of the project described was to compare the actual profile with the one predicted by the theoretical 'Numerals in parentheses relate to references at end of text.
coring model. An electron microanalyzer was used to determine Ga concentrations for Pu-1 wt % Ga alloys in the as-cast condition and for several different cooling rates through the delta-plus-epsilon phase field.
EXPERIMENTAL PROCEDURE
Electrorefined Pu and 99.99-percent Ga were vacuuminduction melted at 980 OC for 20 minutes in an oxidized tantalum (Ta) crucible. The melt was poured into a calcium fluoride (CaF2) coated graphite mold which was heated to 680 "C. The metal was then allowed to furnace-cool (-10 OC per minute at 550 OC) to ambient. Various other cooling rates were obtained by equilibrating the samples in the epsilon phase at 630 "C for two hours and then cooling at a controlled linear rate through the two-phase field. The samples were waterquenched when they reached 490 "C to prevent delta-phase homogenization.
Samples were prepared for the microprobe by metallographically polishing and etching. The etchant consisted of 8 parts phosphoric acid, 4 parts ethylene glycol, and 4 parts ethoxyethanol. A MAC-400s microanalyzer with scanning capability was used to examine the samples. Gallium-K, radiation was excited by 19 kiloelectron-volt electrons and diffracted by a lithiu'm fluoride (LiF) crystal. The X-ray intensities were converted to Ga concentrations by comparing the count with that obtained from a well homogenized Pu-1 wt % Ga standard. Individual thirty-second point counts across the cored grains could not be subjected to a statistical analysis. However, comparisons of the expected and observed standard deviations for the homogenized Pu-1 wt % Ga alloy were nearly identical.
A calibration was made with the standard to determine if moving the beam across a 100-millimeter (mm) distance (equivalent to the distance from the center of the cathoderay tube to the edge at 500X) would effect the point count.
As noted from Figure 1 , the variation from the value of the standard (1.0 wt % Ga) is less than 0.06 wt % Ga, thereby establishing the experimental method.
The procedure for determining the Ga profile consisted of locating and centering a typical grain using a backscattered image at magnification of 500X. A line was drawn on the oscilloscope face through the centroid of the grain and a short distance into the adjacent grains ( Figure 2 analyzing the minimum Ga areas. The electron beam was placed in the DISABLE mode and thirty-second point counts taken along the line at two-or 'five-micrometer increments.
THEORETICAL CORING MODEL
Three assumptions weie made in the development of the coring model:
1. The chemical diffusivities of Pu and Ga in the epsilon phase are high enough [-lo-' square centimeters per second (cm2 /sec)] (3) to permit that phase to remain homogeneous during the epsilon-to-delta transformat i~n (if this condition does not exist,'then new deltaphase grains would nucleate producing a duplex slru~tiiie).
2. The chemical diffusivities in delta phase are low enough (-5 x lo-'' cm2 lsec) (9) to prevent that phase from homogenizing appreciably during the transformation.
3.
During continuous cooling of the alloy, the interface of the growing delta grain and the remaining epsilon phase are at equilibrium concenirations as predicted by the equilibrium phase diagram (10) .
By using the lever rule and the equilibrium phase diagram, the theoretical coring profile may be determined. Illustrative calculations,.based on 100 grams of Pu-1 wt % Ga alloy, are given below for 10 OC temperature steps, rather than for continuous cooling. Assuming the epsilon phase to be homogeneous, a vertical line was drawn at 1 wt % Ga in the epsilon phase down to the epsilon-phase boundary (see E , in Figure 3) (1 1). From this point, a tie line was drawn to the delta boundary (6, ), giving 1.84 wt 76 Ga in the fust delta phase to precipitate. Next the temperature was reduced 10" to 577 "C which is in the two-phase field (x,). The lever rule was applied using 1.0 wt % Ga as the alloy concentration which partially transforms to delta s t 1,62 wt % G3 (6>) while the remaining epsilon decreases in Ga to U.83 wt ' $I ( E , ) . Thl~s, the fnllnwing calc~llatinn gives the weight percent of the delta phase that is formed during the first 10" decrease in temperature:
Now the alloy consists of a two-phase mixture of 2 1.5 grams of delta with a composition of 1.62 wt % Ga and 78.5 grams of .epsilon at 0.83 wt % Ga. (The diffusivity of Ga in delta is assllmed to be so small that the 2 1.5 grams of delta will remain at 1.62 wt % Ga.)
The procedure is repeated and the temperature reduced . These sample calculations used 10-degree steps to indicate radius. ~h u s , a theoretical concentration profile was how the calculations are made. The theoretical profile was available for the cored grains. determined by computer techniques (8) using 0.05 "C temperature steps which nearly simulates continuous
The theoretical gallium profile for two'adjacent delta grains cooling. The program also converted wt % delta phase into is shown in Figure 4 . The centers of the grains have nearly ' volume percent (~01%) and then to an effective spherical a zero-concentration gradient while the concentration radius of growing grain. A computer plot routine was used changes rapidly near the grain boundaries. This profile to illustrate wt % Ga in the delta grain as a function of its comes about because the first, or center, 10 vol % of a growing sphere accounts fo; 45 percent of its final radius while the last 10 vol % is concentrated in the outer 4 percent of the radius. The concentration profiles do not change with grain size, thus by properly scaling the abscissa all grains can be compared with the model. 'i'he predicted profde assumes spherical gain growth which is reasonable until the grains impinge and form'bboiiildaries. Also since nucleation is random, some grains may nucleate closely together resulting in much higher Ga concentrations near their grain boundaries than predicted. The last material to transform and which is easy to locate on a sample occurs where three grains grow together to form a triple point. Obviously during microanalysis, care must be taken in order that analyses are taken in minimum Ga areas such as triple points.
Samples Cooled at 1 OC per Minute:
The sample cooled at 1 OC per minute had an average grain size of 120 micrometers and was therefore relatively easy the Ga concentration at the triple point is lower than the opposite boundary. The higher indicated Ga concentration a1 the ~larrow grain boundary could be from errors in obtaining a point count directly from the boundary. Again an incl~~sion has reduced the X-ray count near the center of the grain. This time however, the inclusion is visible.
Tlle Lwo ll~easu~ed c u~~c e~i l~a l l o i l profiles for Linc D arc 11ea1ly ide~~lical iuld ale typical when care has bccn uscd in Lhe seleclio~~ u l awas. Tlle il~easu~ed piirfile lies slightly below the theoretical value, but has nearly the same shape. An almost identical profile as shown in Figure '1 (c) was observed in eleven other traces run on this sample.
A simulated as-cast structure was produced by homogenizing a sample in the epsilon phase and then cooling 1 0 "C per minute through the two-phase field [compare in Figures 5(b) and 5(c)] . A semiquantitative method which indicates relative concentrations was used to ilete1111i11e i l~e Ga profile across grains in the sample noted in Figure 8 . RESULTS
Four differently heat-treated samples with three cooling
The indicated Ga profile has the same general shape as the rates through the epsilon-plus-delta phase field were examined. predicted profile. Point counting at the maximum Ga Photomicrographs of the samples, shown in Figures S(a) , concentration between A and B on Figure 8 yielded a value (b), (c), and (d), indicate the delta-grain size is primarily of 1.61 wt %. The Ga profiles for the grains in this sample controlled by the cooling rate through the two-phase field.
appear to be identical to those measured on the as-cast The dark areas at the grain boundaries are where the low sample giving further verification that the coring occurs Ga, metastable delta, has transformed to alpha.
during the epsilon-to-delta transformation. The grain size of the sample cooled 100 OC per minute was only about 20 micrometers, which was too small to obtain meaningful concentration profdes. However, grain centers were analyzed giving 1.46 wt % Ga for 22 different grains.
Minimum concentrations were not taken because of beam overlap. Some correlation appeared to occur between cooling rate and the maximum Ga concentrations in the grains (Table I) . As noted, the maximum Ga concentration of the grain centers decreased with increased cooling rates (see Figure 9 ).
CONCENTRATION (weight percent)
COOLING RATE (OC per minute) YIGUKE 9. Effect of Cooling Kate on Gallium Concentration at Selected Grain Centers.
Considering all of the experimental difficulties in obtaining reliable data, the experimentally determined Ga concentration profdes correlate well with the predicted coring profde. The data from samples cooled 1 "C per minute
show the best agreement with theory. The major discrepancies occurring were with respect to the Ga concentrations at the grain centers. The concentrations on other samples were consistently low and the differences increased with faster cooling rates. Two reasons for the differences are likely. The fust is that the model was determined using phase boundaries which have some uncertainty (probably +5 "c) in their equilibrium location. The second is that supercooling would lower the starting temperature of the epsilon-to-delta transformation giving lower Ga concentrations at the grain centers. A total temperature change of 10 "C from equilibrium conditions, from either supercooling or errors in the phase-boundary lines, will allow agreement bet,ween the predicted maximum and the measured maximum Ga concentrations.
If one assumes that these alloys will supercool 10" for a 1 "C per minute cooling rate, an additional 5" supercooling will account for the 1.54 wt % Ga concentration for the sample cooled at 10 "C per minute. Another 5", for a total of 20 "C, will account for the 1.46 wt % Ga value obtained from the sample cooled at 100 OC per minute. Thus by knowing the equilibrium phase diagram and the actual grain-center Ga concentrations, the degree of supercooling might be estimated.
Of interest is the steepness of the Ga profile near the grain boundaries and the narrowness of this region. Between two grains, the width of the region of phase instability (less than 0.25 wt % Ga) (12) is approximately 8 percent of the grain diameter (equivalent to 20 vol % of material). Using the conventional sinusoidal Ga concentration gradient (6), (which predicts wide low-Ga areas), 30 hours at 460 "C should be required to raise the minimum Ga areas to 0.25 wt % for 50-micrometer grains. A modified thin-film solution (8) to Fick's diffusion equation predicts the homogenization parameters nf 1 .h hnurs at. 460 "C: fnr 50-micrometer grains. These latter parameters agree well with an experimentally nhserved stabilizing treatment of 2 hours at 460 OC (13).
